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Full-Scale Field Testing of Colloidal Silica Grouting
for Mitigation of Liquefaction Risk
Patricia M. Gallagher1; Carolyn T. Conlee2; and Kyle M. Rollins3
Abstract: This paper reports results of a full-scale field test to assess the performance of dilute colloidal silica stabilizer in reducing the
settlement of liquefiable soil. Slow injection methods were used to treat a 2-m-thick layer of liquefiable sand. Eight injection wells were
installed around the perimeter of the 9-m-diameter test area and 8% by weight colloidal silica grout was slowly injected into the upper
2 m of a 10-m-thick layer of liquefiable sand. A central extraction well was used during grout injection to direct the flow of the colloidal
silica towards the center of the test area. Details of the field injection are described. Subsequently, the injection wells were used to install
explosive charges and liquefaction was induced by blasting. After blasting, approximately 0.3 m of settlement occurred versus 0.5 m of
settlement in a nearby untreated area. The mechanism of improvement is thought to be bonding between the colloidal silica and the
individual sand particles; the colloidal silica gel encapsulates the soil structure and maintains it during dynamic loading.
DOI: 10.1061/ASCE1090-02412007133:2186
CE Database subject headings: Chemical grouting; Colloids; Silica; Liquefaction; Field tests; Full-scale tests.Introduction
Liquefiable sands can experience large deformations when sub-
jected to earthquake loading. At open, undeveloped sites, a wide
variety of methods can be employed to mitigate the liquefaction
risk, including densification and drainage techniques. However, at
developed sites, it may be difficult or impossible to improve the
soil using conventional methods. Passive site stabilization is a
new technique whereby colloidal silica stabilizer is injected under
low heads and then transported beneath the site with the flowing
groundwater Fig. 1. It can be advantageous at sites with re-
stricted access that are not well suited to treatment by conven-
tional methods.
Colloidal silica is an aqueous dispersion of silica nanoparticles
that can be made to gel by changing the ionic strength and pH of
the dispersion. It forms a permanent gel that binds soil particles
and provides deformation resistance during earthquake loading.
In this application, the colloidal silica bonds the individual sand
particles and also fills the pore spaces. This serves to significantly
increase the deformation resistance of loose sand to cyclic loading
and prevent collapse of the soil structure. Although field tests
using colloidal silica have previously been conducted for con-
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formed for mitigation of liquefaction risk.
Full-scale verification of a new technique is necessary prior to
implementing it in practice. Therefore, a full-scale field test was
performed adjacent to the George Massey Tunnel in Richmond,
B. C. The overall objectives of the field test were to determine if
slow injection methods could be implemented to deliver the sta-
bilizer to the target area, to determine how much reduction in
settlement would occur as a result of treatment, and to assess the
performance of the treated area by comparing the reduction in
settlement with results from adjacent untreated areas. Posttreat-
ment cone penetration test CPT and shear wave velocity profiles
were also done to determine if the improvement could be mea-
sured with these testing methods.
Previous field tests have utilized colloidal silica for permeabil-
ity reduction and environmental remediation. Jurinak et al. 1989
used colloidal silica to seal highly permeable zones in both oil
production wells and injection wells used for water flooding in
oilfields. In one case, 10% by weight colloidal silica was used to
seal an unproductive sand zone in an oil production well. The
treatment was successful in blocking the sand zone and allowed
the production well to be returned to service. In another case,
10% by weight colloidal silica was used to plug a 3-m-thick layer
of sand, resulting in a 90% reduction in permeability compared to
the pretreatment value.
Field-scale testing of colloidal silica for environmental reme-
diation has been done by Noll et al. 1993 and Moridis et al.
1996. Noll et al. 1993 conducted a field test to simulate con-
taminant fixation by injecting 5% by weight colloidal silica
through a central injection well and extracting groundwater from
radial extraction wells. A 6-m-diameter area was treated from a
depth of 1–2.4 m. Results showed that the treated area was ap-
proximately 5 m in diameter and 3 m thick. Moridis et al. 1996
used 30% by weight colloidal silica to treat unsaturated heteroge-
neous deposits of silt, sand, and gravel to demonstrate the ability
to create a subsurface barrier. About 3.8 L of colloidal silica were
injected into two injection wells at depths of 3.0, 3.6, and 4.2 m.
Upon excavation, it was revealed that the colloidal silica had
ERING © ASCE / FEBRUARY 2007
gelled and provided enough strength to the soil that a 3-m-high
vertical section could be excavated.
Colloidal Silica Properties
Colloidal silica is an aqueous dispersion of microscopic silica
particles 7–22 nm produced from saturated solutions of silicic
acid. When diluted to 5% by weight, colloidal silica dispersions
have a viscosity similar to water about 1 1/2 cP; water=1 cP.
Colloidal silica dispersions can have long, controllable gel times
of up to a few months. During much of this time, the viscosity
remains low and the colloidal silica can travel through the forma-
tion. The viscosity and gel time characteristics make colloidal
silica attractive as a stabilizer. In addition, colloidal silica is non-
toxic, biologically and chemically inert, and has excellent dura-
bility characteristics Iler 1979; Whang 1995.
During manufacturing, colloidal silica solutions are stabilized
against gelation. Alkaline solutions are used to cause the particles
to ionize and repel each other. Gelation can be induced by reduc-
ing the repulsive forces in a controlled manner, which allows the
colloidal particles to gel. The time to gelation, or gel time, de-
pends on the rate of particle-to-particle interaction, which de-
pends on several variables, including percent silica, silica particle
size, ionic strength, and pH. Gel time decreases with increasing
percent silica, increasing particle size and increasing ionic
strength. Higher ionic strengths will have larger effects on gel
time because the addition of salt to the colloidal silica dispersion
shrinks the double layer around the particles, increasing the prob-
ability of interparticle collisions and reducing gel time. The pres-
ence of cations in the groundwater can influence gel time by this
mechanism, as can exchangeable cations in the soil. If the
groundwater will be used to dilute the colloidal silica, gel times
must be formulated using site water. If exchangeable cations are
present in the soil, preflushing with a dilute colloidal silica solu-
tion may be necessary prior to treatment Persoff et al. 1994.
With respect to pH, a broad minimum in gel time is exhibited in
the range of 5pH7. Gel time can increase significantly out-
side this range DuPont 1997; Gallagher 2000.
A series of typical gel time curves is shown in Fig. 2. Fig. 2
shows that there is an initial period where the viscosity remains
Fig. 1. Passive site stabilization conceptlow, followed by a rapid rise in viscosity and subsequent gelation.
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After gelation, a firm, resonating gel forms. The length of time
required to form a firm resonating gel is about four times the
initial gel time. During the initial period after mixing, the dilute
colloidal silica behaves as a Newtonian fluid. As the viscosity
begins to increase rapidly, the behavior becomes non-Newtonian.
The strength of soil treated with colloidal silica grout depends
primarily on the concentration of silica in the grout. Persoff et al.
1999 found that the unconfined compressive strength of sand
treated with colloidal silica gel increased with increasing percent-
age of colloidal silica. They treated dense Monterey No. 0 /30
sand with 5–20% by weight colloidal silica and found unconfined
compressive strengths ranging from 70 to 345 kPa, respectively.
Gallagher and Mitchell 2002 found similar results and reported
that the unconfined compressive strength of loose Monterey No.
0 /30 sand treated with 5% by weight colloidal silica ranged from
about 20 to 55 kPa, while the same sand treated with 20% by
weight ranged from 200 to 250 kPa. Based on these results, they
concluded that liquefiable sands treated with 5% by weight col-
loidal silica should provide adequate liquefaction resistance. A
secondary factor in the strength gain is the length of time the
sample cures prior to testing. Persoff et al. 1999 found that
strength continued to increase for up to 1 year after treatment
with colloidal silica grout. The first author has found that once the
sample has cured for about four times the initial gel time, the
majority of the strength gain has occurred.
Persoff et al. 1999 also considered the effects of contami-
nants on the strength of treated samples. Samples were immersed
for 95 days in test liquids containing different nonaqueous phase
liquids NAPLs, water saturated with different NAPLs, HCl di-
luted to pH 3, and aniline. Only the sample immersed in aniline
was weaker after immersion. Therefore, colloidal silica stabilizer
is expected to be permanent in typical soil conditions.
In this research, the colloidal silica had an average particle size
of 7 nm and the grout had a constant silica concentration. In
addition, due to safety concerns associated with handling acid in
the field, the pH of the grout was not adjusted. Therefore, the
primary variable influencing gel time was ionic strength. The
groundwater in the vicinity of the field site was reported to be
brackish Welch and Smith 2001. Therefore, groundwater
samples were obtained and used for gel time testing prior to field
testing. Test results indicated that the salinity of the groundwater
had no detrimental effects on gelation of the dilute colloidal silica
Fig. 2. Typical gel time curvesgrout.
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Use of Colloidal Silica for Liquefaction Mitigation
Laboratory, bench-scale, and centrifuge testing have all demon-
strated the ability of dilute colloidal silica to mitigate the lique-
faction potential of loose sands and to significantly reduce the
settlement in treated sands subjected to simulated earthquake
shaking Gallagher and Mitchell 2002; Gallagher and Lin 2005;
Gallagher et al. 2007; Pamuk et al. 2007. Gallagher and Mitchell
2002 found that laboratory samples treated with 15–20% by
weight colloidal silica experience almost no deformation during,
1,000 cycles of loading at a cyclic stress ratio CSR of 0.40. The
CSR is defined as the ratio of the maximum cyclic shear stress to
the initial effective confining stress. Samples stabilized with 10%
by weight of colloidal silica experienced up to about 5% strain
when loaded at a CSR of 0.40 for 100–500 cycles of loading, but
remained intact during and after loading. Samples treated with
5% by weight colloidal silica experienced up to 12% strain when
tested at cyclic stress ratios between 0.15 and 0.29 for 100 cycles.
However, all samples remained intact during and after cyclic
loading.
Gallagher et al. 2007 used centrifuge modeling to examine
the effect of colloidal silica treatment on the liquefaction and
deformation resistance of loose, liquefiable sands during centri-
fuge in-flight shaking. Gallagher et al. 2007 treated loose Ne-
vada sand with 6 % by weight colloidal silica and subsequently
subjected the centrifuge model to two shaking events that simu-
lated earthquake motions with uniform peak accelerations of 0.2
and 0.25g. The treated sand layer did not liquefy during either
shaking event. In addition, significantly lower levels of strains
1/2–1%  were measured for the treated centrifuge models com-
pared to the strains 3–6% recorded in similar centrifuge tests
done on untreated soil models Taboada 1995.
Pamuk et al. 2007 used centrifuge modeling to consider the
effect of colloidal silica treatment in reducing the risk of
liquefaction-induced damage to a group pile foundation from lat-
eral spreading. In the model, a three-layer soil profile was used in
which a loose sand layer was sandwiched between two lightly
cemented layers. End-bearing piles penetrated all three layers.
The model was inclined 2° to permit lateral spreading as the loose
sand liquefied. In an untreated model, the piles failed due to the
effects of lateral spreading. The model treated with 6% by weight
colloidal silica provided significant liquefaction resistance,
greatly reduced the free field lateral deformation, and reduced the
imposed moments on the piles. The measured maximum perma-
nent ground deformation in the colloidal silica-grouted soil model
was about 5% of that measured in the untreated soil model. Based
on these results, treatment with dilute colloidal silica significantly
reduces deformation associated with cyclic loading in loose
sands.
Site Characterization
The field test was conducted adjacent to the George Massey Tun-
nel in Richmond, B.C. Fig. 3. The site is within 220 m of a
Canadian liquefaction experiment site CANLEX, Wride et al.
2000 as shown in Fig. 3. Extensive geotechnical investigations
were performed at the CANLEX site and were used to develop
the general stratigraphy at the site. Additional geotechnical inves-
tigations were conducted by Rollins 2004. The soil profile pre-
sented in Fig. 5 is based on CPT data from Rollins 2004 that
was obtained 25–50 m south of the test site as shown on Fig. 4.
This data is labeled EQ1 and EQ2 in Fig. 5. No additional geo-
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tional CPT soundings shown in Fig. 5 were done postgrouting and
will be discussed later.
The soil profile consists of a surface layer of sand to silty sand
about 3 m thick, which overlies a silt and sandy silt layer about
2 m thick, and is followed by a 10-m-thick layer of loose sand.
The loose sand layer is liquefiable based on the Youd and Idriss
2001 CPT-based methodology. During the geotechnical investi-
gation, the water level was at a depth of approximately 2.5 m.
The water level varies both seasonally and with tidal fluctuations.
During grouting, the water level ranged from depths of approxi-
mately 2.8 to 3.4 m due to tidal fluctuations. The liquefiable sand
is located between depths of about 5 and 15 m below the ground
surface.
Test data showed the liquefiable layer to be relatively consis-
tent both vertically and laterally. The soil generally classifies as
SP or SP-SM according to the Unified Soil Classification System.
Based on pressuremeter tests from the CANLEX site, Rollins
2004 estimated the in situ void ratio of the liquefiable layer to
be approximately 1.0. Based on CPT cone resistance, the relative
density in the loose sand layer was estimated to be between about
40 and 45%. The shear wave velocity ranged from about 130 m/s
at the top of the liquefiable layer to about 180 m/s at the bottom.
The in situ hydraulic conductivity was measured by Rollins
2004 using a double packer borehole test. The results range
from about 810−5 m/s at 4 m to about 510−4 m/s at a depth
of 11.5 m. A drawdown test yielded a hydraulic conductivity
value of about 810−5 m/s throughout the same depth.
Field Test
Objectives and Test Plan
The primary objective of the test was to implement the passive
site stabilization technique at a well-characterized site where nu-
merous previous field tests had been done. The diameter of the
treatment area was selected both to correspond to previous field
tests and to determine if adequate coverage could be achieved
Fig. 3. Site layoutover a distance of 4.5 m. The cost of treating the entire liquefiable
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thickness was prohibitive based on the available budget, so it was
decided to treat the upper 3 m and compare the settlements in the
treated layer with the underlying untreated layer after blasting.
The test plan called for eight injection wells spaced equally
around the perimeter of the treatment area with a central extrac-
tion well. In each well, the colloidal silica would be diluted to
4.75% by weight and injected in three stages of 3,800 L each. The
extraction well would operate continuously to create a gradient
Fig. 4. Test site layout o
Fig. 5. SubsuJOURNAL OF GEOTECHNICAL AND GEOtowards the center of the treatment area. Based on the hydraulic
conductivity results and the estimated void ratio, a target pumping
rate of about 13 L/min was selected Karol 2003. For the field
test, gel times were chosen to be twice the anticipated pumping
time 8 h for two reasons: to complete pumping prior to reaching
the rapid increase in viscosity that occurs prior to gelation and to
permit additional pumping time in the event that field difficulties
were encountered during pumping.
reated” and treated areas
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Materials
The colloidal silica used in this test was Ludox SM-30, which
consists of 30% by weight silica with an average particle size of
7 nm. Undiluted Ludox SM-30 has a viscosity of 55 Pa4 · s and a
density of 1.22 g/cc. Based on laboratory testing, the writers
found that the minimum concentration of Ludox-SM that will
form a firm, resonating gel is 4.75% by weight. Gel times were
determined by trial and error in the laboratory and field, by mea-
suring the viscosity increase with time for a given ionic strength.
The ionic strength of the water used to dilute the colloidal silica
was adjusted using granular NaCl. The colloidal silica was diluted
with fresh water trucked to the site and stored in tanks. The de-
cision to use fresh water rather than groundwater was motivated
by the desire to eliminate one variable from the testing program.
Field Installation of Wells
Eight injection wells and one central extraction well were in-
stalled at the locations shown in Fig. 4. The injection wells were
equally spaced around the perimeter of the 9-m-diameter
test area. The injection wells were drilled to a depth of 10 m.
A 0.076-m-diameter tube-a-manchette was installed in each injec-
tion well in the depth interval from 5.5 to 8.5 m. The annulus
between the outer wall of the tube-a-manchette and borehole wall
was filled with a weak cement–bentonite grout. During initial
colloidal silica grouting, grout return was observed around the
annulus of the wells. Therefore, the weak cement–bentonite grout
was removed from the annulus to a depth of approximately 1.5 m
and replaced with a stronger grout. For the most part, the stronger
grout prevented return around the annulus of the injection wells.
The central extraction well was drilled to a depth of 11 m and
cased with 0.1-m-diameter polyvinyl chloride PVC pipe. The
well was screened between depths of 6 and 9 m. A 1.5 hp
0.04-m-diameter submersible pump was used for extracting
groundwater in the central well throughout the duration of the
grouting procedure. The purpose of the extraction well was to
direct the flow of colloidal silica toward the center of the treat-
ment area.
Field Modifications during Grouting
The initial field plan called for the placement of 4.75% by weight
colloidal silica grout in 3,800 L batches. The field plan was
changed after mixing the first 3,800 L batch. Samples of this
grout did not demonstrate adequate gelation, which was attributed
to poor volume control during mixing. Therefore, smaller batches
of 950 L were mixed. Additionally, the concentration of silica
was increased to 7% by weight to assure gelation would occur
even if there were some variability in volume control. Increasing
the concentration of silica resulted in less total grout overall, so
the treatment layer thickness was reduced from 3 to 2 m, at
depths of 6.5–8.5 m.
For the smaller 950 L batches, the pumping time was esti-
mated to be about 70 min. Therefore, a gel time of approximately
90 min was used Fig. 2 inset. An advantage of decreasing the
gel time was that less time was required to form a firm, resonating
gel. Each 950 L batch required approximately 23 kg of NaCl to
achieve the desired normality.
Grouting Procedure
The colloidal silica stabilizer was injected at each well location
through the tube-a-manchette. Overall, the permeation grouting
190 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEwas accomplished using a two-stage, bottom-up process. The
grout was injected with a 0.025-m-diameter air-operated dia-
phragm AOD pump. Initially, the injection rate was monitored
with a 0.013 m flow meter; however, the flow meter repeatedly
clogged. Therefore, the injection rate was estimated every 10 min
based on the volume of grout remaining in the tank and the pump
pressure was adjusted to maintain an approximate injection rate of
about 13 L/min. During grouting, each stage was isolated using a
double packer. Stages 1 and 2 were located at depths of approxi-
mately 7.5–8.5 and 6.5–7.5 m, respectively. After the Stage 1
injection was complete, the packer was deflated, raised to 7.5 m,
reinflated, and the Stage 2 injection was completed. This process
was repeated in each of the eight injection wells. Groundwater
levels in the central extraction well were also recorded at 10 min
intervals during injection.
Each batch of colloidal silica grout required 800 L of fresh
water and 160 L of Ludox SM-30. The NaCl was introduced to
the fresh water through the top of the tank and circulated to thor-
oughly dissolve it prior to introducing the colloidal silica to the
tank. Just prior to grouting, 160 L of Ludox SM-30 was added to
the salt water mixture. For each batch prepared, small samples
were collected in jars for lab testing, chloride concentration read-
ings, and visual inspection. As each batch was being injected, a
new batch was being mixed so grouting could proceed
continuously.
The volume injected in each stage is shown in Table 1. The
full volume was injected into every stage except Stage 2 of Hole
2, Stage 1 of Hole 3, and Stage 1 of Hole 6. In both Stage 2 of
Hole 2 and Stage 1 of Hole 3 only about half of the desired
volume was injected. In both cases, there were very low flow
rates in these holes, which were treated near the end of the grout-
ing process. The low flow rates could possibly be due to gelation
of the grout that had already been injected in other holes. At-
tempts made to increase the flow rate by briefly increasing the
injection pressure of the pump to 275 kPa were unsuccessful.
Table 1. Grout Injection Locations, Volumes, and Physical Properties
Hole Stage
Volume
L
Gel
statea
4 1 3,350 F,F,N,W
4 2 4,075 F,F,F,F
6 1 200 F
7 1 3,800 F,F,F,N
7 2 3,675 F,F,F,F
5 1 3,800 F,F,F,N
5 2 3,750 F,F,F,W
6 2 3,800 F,F,F,W
8 1 3,800 F,F,F,F
8 2 3,950 F,F,F,F
2 1 3,600 F,F,F,W
2 2 650 F
6 1 75 F
1 1 3,800 F,N,W,W
1 2 3,800 F,F,F,F
2 2 1,775 F,F,F
3 1 1,375 F
3 2 3,175 F,F,F,W
aGel state of each batch in stage; F=firm gel; W=weak gel; N=not
gelled.Stage 1 of Hole 6 was not completed due to return of grout
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around the annulus. After completing Stage 2 of Hole 6, an addi-
tional attempt was made to grout Stage 1; however, it was
unsuccessful.
Prior to grouting, the water level in the central extraction well
fluctuated tidally between depths of about 2.8 and 3.4 m. Ground-
water was extracted for the duration of the grouting at a rate of
approximately 45 L/min. Drawdown ranged from 4.2 to 5.2 m. It
was noted that as the amount of grout injected into the formation
increased, the drawdown also increased. This is attributed to
gelation of the grout causing a decrease in the hydraulic conduc-
tivity, resulting in less recharge, and therefore increasing the
drawdown with the same size pump. The chloride concentration
in the extraction well was also monitored periodically during the
course of grouting. Since the colloidal silica solution has a sig-
nificantly greater chloride concentration than the groundwater
alone, an increase in chloride concentration may serve as an in-
dication that the stabilizer was successfully moving through the
formation. The chloride concentration increased gradually from
about 15 ppm at the beginning of grouting to about 95 ppm after
2 days of grouting. This result was considered reasonable because
the extraction well was drawing water from a 360° radius, while
the grout was being injected in a 45° arc of the circle surrounding
the extraction well. This may explain why the rate of increasing
chloride concentration was gradual as opposed to rapid.
Field Instrumentation
Four piezometers P-1–P-4 were installed at the locations shown
in Fig. 6 to measure the pore pressure response during and after
blasting. Two piezometers were installed in the treated layer at a
depth of 7.6 m P-2 and P-4 and two were installed in the un-
Fig. 6. Treatreated layer P-1 and P-3 at a depth of 10 m. The piezometers
JOURNAL OF GEOTECHNICAL AND GEOconsisted of piezoelectric pore pressure transducers PPTs
mounted inside a nylon cone tip with ports open to the surround-
ing groundwater. They were installed by drilling to about 0.3 m
above the desired depth with bentonite slurry, and then pushing
the piezocone the last 0.3 m into the sand. The bentonite slurry
generally remained above the water table during the test. The
borehole was left open to facilitate retrieval of the piezocones
after blasting. The piezocones in the treated area were installed
after grouting was completed to prevent clogging by gelling grout
during treatment.
A Sondex tube was also installed in the treated area to measure
the settlement profile with depth. The Sondex tube consisted of a
corrugated PVC pipe with metal bands at regular intervals. It was
installed by drilling to the desired depth with bentonite slurry,
installing the corrugated pipe, and backfilling the annulus with
additional bentonite slurry. The rings are expected to move with
the surrounding ground during settlement. The locations of the
bands were measured prior to and after blasting to indicate the
depths at which settlement occurred.
Blast-Induced Liquefaction
A controlled blasting technique Ashford et al. 2004 was imple-
mented to induce the liquefaction at the treated area and at an
adjacent “untreated” area containing a 30-cm-diameter pipe pile.
The “untreated” area had limited colloidal silica grouting imme-
diately around the pile skin grouting and had been subjected to
a statnamic pile test prior to blasting. The statnamic test caused
the bond between the pile and grout to shear, so the grouted area
settled with the adjacent untreated soil. The details of the skin
grouting and statnamic test will not be discussed in this paper.
area layouttmentThe size and locations of the charges were selected based on
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previous tests done at the site that were shown to induce lique-
faction in the loose sand layer Rollins 2004. The eight injection
wells were utilized as blast holes. Two decks of explosives were
installed in each injection well at depths of 6.4 and 8.5 m. Each
charge consisted of 1.4 kg of Pentex explosive, which is a com-
mercial form of Pentolite 50/50. Pentolite 50/50 is an organic
explosive compound consisting of 50% pentaerythritol tetranitrate
and 50% trinitrotoluene, with excellent water resistance charac-
teristics. The detonations were sequenced with 1 s delays, starting
with the lower charges and then moving to the upper charges.
During and after blasting, pore water pressures from the four
piezometers were recorded at rates of 200 and 1 Hz, respectively.
There was a 2 min gap in recording data as the computer was
switched to a slower sampling rate after blasting.
Quality Assurance and Quality Control
As with any new method, quality assurance and quality control
QA/QC measures evolve as the technique develops. QA/QC
measures were taken before, during, and after the field test to
increase the likelihood of success. Prior to the field test, gel time
curves were developed in the laboratory for the proposed grout
mix. Site groundwater was obtained and used in gel time testing
in the laboratory. Although site groundwater did not negatively
influence gel time compared to fresh water, it was decided to use
fresh water to remove one variable from the field test.
Injection rate was to be monitored during grouting using a
flow meter. However, the flow meter repeatedly clogged, so there
was no direct way to measure the pumping rate. Therefore, the
pumping pressure and approximate volume injected were re-
corded every 10 min. The grouting pressures during pumping
ranged from 75 to 150 kPa 10–20 psi, with occasional spikes
up to 175 kPa 25 psi. When the grouting pressure increased
rapidly, it was an indication that the viscosity of the fluid was
increasing and the colloidal silica was beginning to set or that the
grout was being pumped into an area where grout had already
gelled.
The total volume injected in each stage was recorded. Except
as noted in Table 1, four batches of approximately 950 L were
injected at each stage. The chloride concentration of each batch
was recorded until the chloride meter malfunctioned. Until the
chloride meter malfunctioned, the chloride concentration of the
extracted groundwater was also monitored.
Prior to blasting, all of the grout samples were checked to
determine if gelation had occurred. As dilute colloidal silica gels,
it first forms a weak gel and then forms a firm gel that resonates
if the sample jar is tapped against a firm surface. The majority of
the samples had formed firm, resonating gels as shown in Table
1, although some had only progressed to the weak gel stage. A
few samples did not gel prior to blasting, although those samples
gelled later.
After returning to Drexel University, the colloidal silica con-
centration of 15 of the 64 grout samples was determined by burn-
ing about 30 g of the sample at 200°C for 2–3 days. The weight
of the material remaining after burning was used to calculate the
percentage of silica in the original grout. The colloidal silica con-
centration ranged from 7.5 to 9% by weight in the samples tested,
indicating that the target concentration of 7% by weight was
achieved.
Pre- and postblast surveys were done in the treated and un-
treated areas to record the surface settlement due to liquefaction.
Six survey lines extended from the center of the test area to a
distance 18.3 m from the well as shown in Fig. 4. A total of 14
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ments were taken at intervals of 0.9 m starting from the central
extraction well. The remaining ten measurements were recorded
at 1.5 m intervals. The settlement was calculated by the change in
elevation at the survey points before and after the blasting. Post-
grouting CPT soundings and shear wave velocity measurements
were done in the treatment area 26, 131, and 216 days after blast-
ing at the locations shown in Fig. 6.
Results and Discussion
Liquefaction and Pore Pressure Response
By 8 s into the blasting sequence, water was observed coming out
of the central extraction well screened from 6 to 9 m. In addi-
tion, water was observed coming out of two boreholes remaining
from a previous test immediately south of the treatment area. The
boreholes were approximately 5 m south of Well 6. This is an
indication that liquefaction was achieved over a fairly wide area.
No water was observed coming out of the injection wells and no
sand boils were observed in the area.
The excess pore pressure ratio, Ru, was calculated for each
pore pressure transducer by dividing the measured residual excess
pore pressure u by the vertical effective stress 0 at that
depth. The vertical effective stress was calculated using a unit
weight of 14.2 kN/m3 in the sand and silty sand layers above the
water table and 18.5 kN/m3 in the liquefiables and layer Rollins
2004. The water table was assumed to be at a depth of 2.8 m,
which is the approximate water level at high tide. Fig. 7a shows
the pore pressure generation curve for the four transducers during
blasting and Fig. 7b shows the pore pressure dissipation curve.
The spikes in Fig. 7a occurred during the blasting as each
charge detonated. There was a 2 min gap in data acquisition be-
tween the end of blasting and the beginning of recording the pore
pressure dissipation as the transition was made to a slower sam-
Fig. 7. Pore pressure generation top and dissipation bottom due to
blastingpling rate.
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Immediately after blasting, Ru values of 0.93–1.04 were mea-
sured. Ru dropped to 0.5 about 4 min after blasting and fell to 0.1
in about 15 min in P-1 and P-3, which were located below the
treated depth. The pore pressures in the grouted layer took longer
to dissipate. Ru in P-2 and P-4 fell to 0.5 in 6 and 10 min, respec-
tively. However, dissipation to Ru=0.1 took about 25 and 35 min
in P-2 and P-4, respectively. This result is consistent with previ-
ous results at the site which show that pore pressures dissipate
from the bottom upward, due to both upward seepage and the
presence of the silty sand layer, which restricts continued upward
flow to the ground surface Rollins 2004. The lowered hydraulic
conductivity in the treated zone is also believed to have impeded
upward flow and contributed to the slower pore pressure
dissipation.
Liquefaction is often defined as Ru=1. Based on this defini-
tion, the grouted layer could be considered to have liquefied.
However, excess deformation can also be used to measure lique-
faction response. The deformation of the grouted layer was much
smaller than the test pile “untreated” area as discussed below.
Settlement
While liquefaction was reached based on excess pore pressure
criterion, the treated soil did not experience the large deforma-
tions associated with flow liquefaction. This was evidenced by the
reduced settlement compared with the test pile “untreated” area.
Fig. 8. Elevation profilFig. 8 compares pre- and postblasting elevation profiles across the
JOURNAL OF GEOTECHNICAL AND GEOtreated area with similar profiles across the untreated area. In the
test pile area, maximum settlements of 0.5 m were recorded while
in the grouted area the maximum settlements were reduced to
about 0.3 m. Unfortunately, the Sondex tube did not function
properly, so it was not possible to determine the depths at which
settlement occurred. Previous blast-induced liquefaction studies at
the site indicate that volumetric strain values are essentially con-
stant within the untreated liquefied sand Rollins 2004. There-
fore, it is thought that the settlement occurred in the underlying
untreated layer and the reduced settlement is attributed to the
treated layer. A few cracks were observed across the treatment
area as shown in Fig. 6. Cracking was not observed in the test pile
area. These cracks were a few centimeters deep and were attrib-
uted to differential settlement between zones where the grouting
was more effective and zones where it was not as effective.
Posttreatment CPT and Shear Wave Velocity Profiles
Postgrouting CPT and shear wave velocity profiles were obtained
27 days after blasting at locations CPT-200, CPT-300, and CPT-
400 shown in Fig. 6. In each sounding, the tip resistance, fiction
ratio, and shear wave velocity profiles in the treated layer were
lower than the profiles EQ1 and EQ2 performed by Rollins
2004 and located between 25 and 50 m south of the treatment
area.
Two additional CPT and shear wave velocity profiles were
r to and after blastinges priodone 131 days after blasting at the locations shown in Fig. 6.
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CPT-201 was located about 1 m away from CPT-200. This loca-
tion was selected to determine if a change in the profile would
occur due to further curing of the colloidal silica grout. C-400
was located outside the treatment area 4 m east of Well 1. This
location was selected to compare the treated and untreated pro-
files. These CPT and shear wave velocity profiles were compa-
rable to those done in the treatment area.
Another series of CPT and shear wave velocity profiles were
done 216 days after blasting at the locations shown in Fig. 6.
Given the inconclusive results from the previous rounds of test-
ing, a total of ten shear wave velocity and 16 CPT soundings were
done. C-1 and C-2 were done outside the treatment area and the
remaining soundings were done in the treatment area.
Fig. 9 shows all of the postblasting CPT and shear wave ve-
Fig. 9. Posttreatment test data: a CPT and shear wave velocity profiles from depths of 6–9 m. No significant increases
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treatment with colloidal silica is not detectable by these tradi-
tional methods of measuring soil improvement.
Mechanism of Improvement
Based on previous laboratory, centrifuge, and pilot scale model-
ing, it is thought that the improvement mechanism of colloidal
silica is bonding between the gel and the individual sand particles.
Colloidal silica solutions gel by forming interparticle siloxane
bonds due to collisions between the nanoparticles in the disper-
sion. The gel encapsulates the individual sand particles. It is
thought that this bonding and encapsulation maintains the soil
structure during dynamic loading.
profiles; b selected CPT and shear wave velocity profileslocityPersoff et al. 1999, Gallagher and Mitchell 2002, and Gal-
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lagher and Lin 2005 all found that the treated soil had cohesive
strength, where the amount of cohesion depended on the percent-
age of silica in the grout. Gallagher and Mitchell 2002 found
that the percentage of silica in the grout also influenced the
amount of strain that occurred during dynamic loading. Samples
treated with higher percentages 15–20% by weight of colloidal
silica experienced less strain during cyclic loading than samples
treated with smaller percentages 5–10% by weight. Gallagher
and Mitchell 2002 suggested that dynamic loading might cause
a small percentage of the siloxane bonds in the gel to break,
although enough bonds remain to maintain the cohesion and
structure of the sample. Pamuk et al. 2007 found that colloidal
silica treatment 6% by weight caused a significant reduction in
deformation of liquefiable sand compared to untreated sand in
centrifuge modeling of end-bearing piles in loose, saturated sand.
It is thought that the reduced settlement in the field test oc-
curred because the silica gel bonded the formation together, sig-
nificantly reducing deformation of the soil skeleton in the treated
layer. If the entire layer had been treated, the authors would have
expected the majority of the settlement to be prevented.
Assessment of Grouting Procedure and Measuring
Improvement
The field grouting operation was successful in treating the upper
quarter of the liquefiable layer as evidenced by a significant re-
duction in surface settlement compared to an adjacent untreated
area. Very low flow rates and injection pressures were used to
place approximately 45,000 L of colloidal silica grout in 106 h of
continuous grouting. Each shift was operated by one person, in-
dicating that once the injection wells are installed, very little labor
is required to do this type of grouting.
Gel time adjustments were fairly easy in the field because
NaCl was used to catalyze the grout. It would have been signifi-
cantly more difficult to adjust the gel time if both NaCl and HCl
were used given the safety concerns associated with handling
acid. While fresh water was brought to the site for use in diluting
the grout, it would have been fairly easy to utilize the groundwa-
ter from the extraction well instead.
The desired amount of grout was injected into 13 of the 16
stages. About half the desired amount of grout was injected into
two stages Hole 2, Stage 2 and Hole 3, Stage 1. These stages
occurred close to the end of the grouting. It is thought that there
was already enough grout in the ground that the hydraulic con-
ductivity was significantly reduced and much higher pressures
would have been required to force the full volume into the
ground. The drawdown in the central extraction well was fairly
large 5.2 m during this part of grouting, which is another indi-
cation of reduced hydraulic conductivity. Very little grout was
injected into Hole 6, Stage 1. At the beginning of this stage, return
was discovered around the annulus, so grouting was moved to
another hole. A second unsuccessful attempt was made to grout
this stage, but it is thought that the grout that had previously been
injected had gelled and it was not possible to break through the
gelled grout to complete the stage.
Most of the grout gelled to a firm, resonating gel prior to
blasting. Although a few samples had not gelled and a few had
formed weak gel, the performance of the treated ground was ex-
cellent in terms of reduced settlement. The performance will only
improve with time as the gel continues to gain strength.
CPT and shear wave velocity profiles do not appear to success-
fully capture the improvement provided by colloidal silica grout-
ing. In this test, reduced settlement was the best indication that
JOURNAL OF GEOTECHNICAL AND GEOtreatment was successful. Gallagher and Lin 2005 have found
that chloride concentration is an excellent indicator of the per-
centage of colloidal silica in the pore fluid during column tests.
Monitoring chloride concentration in the extracted water might
provide a reasonable indication of the amount of silica delivered
to the treatment area.
Conclusions
The full-scale field test was successful in demonstrating the po-
tential for colloidal silica treatment to reduce the settlement
caused by liquefaction of loose sand deposits. A significant reduc-
tion in settlement occurred after treating about 2 m of a 9-m-thick
liquefiable zone. The increase in pore pressures in the upper
treated zone and the lower untreated zone indicated that liquefac-
tion occurred according to the criterion of Ru=1; however, the
reduced settlement is a clear indication that the treatment signifi-
cantly increased the deformation resistance of the treated zone.
Results from both CPT and shear wave velocity profiles did not
show significant improvement in cone tip resistance, friction
ratio, or shear wave velocity in the treated area. Additional studies
need to be done to identify methods to measure the improvement
from colloidal silica grouting on the in situ properties of liquefi-
able sand.
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